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ABSTRACT
Simultaneous measurements of soil moisture and streamflow in small catchments reveal
varied coupling across sites, seasons, and timescales
by
Brian T. Godbois
University of New Hampshire, December 2017
Soil moisture is an important component in the interaction of terrestrial and aquatic
systems, as it may play a role in regulating streamflow and the delivery of nutrients from soils to
streams. There are few studies that collect in situ soil moisture and stream discharge data
simultaneously at the same location across different land uses at a fine enough temporal
resolution to understand processes at sub-daily timescales. I examined the relationship between
soil moisture and streamflow over varying timescales using concurrent, high temporal frequency
(one hour) in situ measurements of soil volumetric water content and stream discharge at five
headwater catchments with different land use characteristics. I found that soil moisture and
streamflow appear to be coupled, and that antecedent moisture conditions and seasonal change in
temperature and precipitation regulated this coupling. Furthermore, each site/land use had a
different coupling relationship and the antecedent requirements to induce coupling differed by
site. I also found that depth in the soil profile, timescale, and site specific characteristics all
played a role in streamflow coupling. Simultaneous measurement of streamflow and soil
moisture across different spatial and temporal scales is key to understanding the actual physical
connectivity between terrestrial and aquatic systems. Strategic placement of in situ sensor
networks will allow us to better understand the interactions among atmosphere, land, and water
that couple soils and surface waters.
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INTRODUCTION
Soil moisture is an important control on land-atmosphere interactions (Entin et al., 2000;
Robinson et al., 2008; Seneviratne et al., 2010), regulating processes such as precipitation,
carbon cycle, and climate system dynamics at large spatial scale (Seneviratne et al., 2010; Orth
et al., 2013) and hydrological and biogeochemical processes that affect ecosystem health and
productivity at smaller scales (Porporato et al., 2002; Robinson et al., 2008; Manzoni and
Porporato, 2011). Soil moisture also provides an important connection between terrestrial and
aquatic systems that can play a role in regulating streamflow and facilitating the transfer of
nutrients from upland headwater sites to streams, rivers, and eventually oceans (Stieglitz et al.,
2003).
The importance of soil moisture in regulating streamflow is well documented (Stieglitz et
al., 2003; Detty & McGuire, 2010b; Moore et al., 2011; Von Freyberg et al., 2014). Streamflow
in small catchments is driven by hydrologic connectivity between uplands, riparian zones, and
shallow subsurface water tables (McGlynn and McDonnell, 2003; Vidon and Hill, 2004; Jencso
et al., 2009; Detty and McGuire, 2010b; Von Freyberg et al., 2014), displaying strong seasonal
controls related primarily to storm events (Detty & McGuire, 2010b; Von Freyberg et al., 2014).
In temperate regions, precipitation events and spring snowmelt can increase soil moisture levels
to saturation, activating surface and shallow subsurface flow paths (Stieglitz et al., 2003;
Zillgens et al., 2007; Lin and Zhou, 2008; Von Freyberg et al., 2014), engaging hydrologic
connectivity, and significantly affecting catchment runoff response and the input of nutrients
from uplands to streams (Stieglitz et al., 2003; Detty and McGuire, 2010b).
The terrestrial and aquatic interface can exist in a dry state, where soils are unsaturated
and hillslope regions are not hydrologically connected to streams (Grayson et al., 1997; Stieglitz
1

et al., 2003), or it can exist in a wet state where saturated soils enable surface and shallow
subsurface flows, activating connectivity between soils and streams (Grayson et al., 1997;
Stieglitz et al., 2003; Moore et al., 2011; Von Freyberg et al., 2014; van Meerveld et al., 2015).
Antecedent soil conditions that persist from the preceding hydrologic event can play an
important role in the amount of water stored in shallow water tables (Stieglitz et al., 2003; Moore
et al., 2011) and affect the amount of water needed to switch the terrestrial and aquatic interface
from a dry and unconnected state, to a wet and hydrologically connected one (Grayson et al.,
1997; Stieglitz et al., 2003). These two states can also be thought of as a base flow state where
groundwater dominates streamflow, and a storm flow state in which surface and subsurface flow
through soil dominates streamflow through lateral fluxes of soil moisture (Grayson et al., 1997;
Mulholland, 1993). These dry and wet states are controlled by soil moisture availability, which is
affected by processes occurring at multiple spatial and temporal scales (Stieglitz et al., 2003;
Robinson et al., 2008; Moore et al., 2011; Von Freyberg et al., 2014).
Variation in soil moisture is driven by land surface heterogeneity, as well as by
meteorological processes (Entin et al., 2000). Soil heterogeneity across spatial scales affects
water storage (Bales et al., 2011; Moore et al., 2011; Emanuel et al., 2014) and subsurface
preferential flow (Lin & Zhou, 2008) at timescales much shorter than at seasonal intervals
(Moore et al., 2011; Emanuel et al., 2014; von Freyberg et al., 2015). Temporal variation
includes sub-daily, daily, storm-based, seasonal, and annual timescales. It is important to
examine sub-daily, daily, and storm-based temporal scales because infiltration and runoff
generation in small catchments responds very quickly to both normal and extreme storm events
(Bronstert, 2003). Simultaneous measurements of streamflow and soil moisture across different
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spatial and temporal scales is key to understanding connectivity between terrestrial and aquatic
systems.
Historically, remotely-sensed soil moisture measurements have been used for
hydrological, agricultural, and ecological studies (Lakshmi, 2013); however, these data do not
capture variability below the surface and cannot capture high temporal variability. With the
deployment of the Soil Moisture Active Passive (SMAP) satellite by the California Institute of
Technology Jet Propulsion Laboratory (JPL) and the National Aeronautics and Space
Administration (NASA), soil moisture is being measured in the first five centimeters (cm) of
soil, every three days, for a period of three years. While those data are invaluable as a large scale
dataset, in situ sensors can capture hourly data through the soil profile and can be used to get a
more complete picture at smaller spatial scales. There are few studies that have collected soil
moisture data at both high spatial and temporal resolutions over several years to study soil
moisture at different scales (Entin et al., 2000) and fewer still that collect in situ soil moisture
data (Lakshmi, 2013) from locations that have been strategically placed to examine the
connection of soil moisture with hydrologic systems (Robinson et al., 2008). Hydrologic event
timescales are best captured with time series data collected at a fine temporal resolution, much
shorter than the collection intervals of traditional grab sampling (Robinson et al., 2008;
Raymond and Saiers, 2010; Pellerin et al., 2011) or even remote sensing data products.
Environmental sensors are advancing current data collection efforts from mere snapshots to high
resolution, continuous data streams that greatly increase our ability to interpret hydrologic event
data (Jarvis and Ga, 2003; Anctil et al., 2008; Robinson et al., 2008; Seneviratne et al., 2010).
Our objectives with this study were to (1) examine the relationship between soil moisture
and catchment runoff in headwater catchments with different land use patterns, (2) determine the
3

range of soil moisture values that produce the saturated conditions which result in increased
catchment runoff, and (3) determine how the coupling between soil moisture and catchment
runoff varies by site/land use, and timescale.
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METHODS
Study area and sites
Data for this study were collected from the New Hampshire Distributed Sensor Network
(NHDSN), a statewide in situ sensor network designed to study linkages between soil
properties/processes and water chemistry parameters and to provide data for model
parameterization and validation (Figure 1).

Figure 1. Locations of co-located terrestrial and aquatic sensor sites in the NH Distributed Sensor Network.

The sensor network includes five sites with coupled soil and stream arrays. The sites represent a
mix of land use, management intensity, and soil types (Table 1). Study sites include a managed
northern hardwood forest with a history of logging (MNH), a pasture at an organic dairy farm
(P), a managed mixed deciduous forest situated in a wetland complex with ongoing logging
operations (WF), a northern hardwood forest without a history of recent logging (UNH), and a
managed mixed deciduous forest with a history of clear cutting (MDF). All sites have similar
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texture (sandy loams), mean annual precipitation (1200-1400 mm), and range of mean annual
temperature (-14 to 27°C).
Table 1. Summary of site sensor catchment data used in this study.

Land Use

Site Code
Sensor Catchment
Area (km 2)
% Developed
% Agriculture
% Forest
% Wetlands
People km-2
Slope Index
Stream order
Site Elevation (m)
Watershed Min
Elevation (m)
Watershed Max
Elevation (m)
Slope (m/km)
Soil Type
Soil Texture
% Sand
% Silt
% Clay
Bulk density (0-30
cm) (g/cm 3)
Depth averaged
porosity (0-30 cm)
Mean Annual
Temperature (ºC)
Total Precipitation
(mm)(2013)

Burley
Demerrit
Creek
Managed
Pasture

Saddleback
Mountain

Dowst-Cate
Town Forest

WF
7.03

Unmanaged
Northern
Hardwood
Forest
UNH
0.40

Bartlett
Experimental
Forest
Managed
Northern
Hardwood
Forest
MNH
13.74

0%
0%
98%
0%
33
0.67
1
205
206

1%
5%
72%
12%
25
0.07
2
100
100

0%
0%
99%
0%
2
0.87
1
522
522

0%
0%
98%
0%
1
0.13
3
261
262

51

339

303

717

980

88
Inceptisol
Sandy
loam
59%
30%
11%
2.04-1.21

667
Inceptisol
Loamy sand

68
Inceptisol
Sandy loam

868
Spodosol
Sandy loam

132
Spodosol
Sandy loam

74%
18%
8%
0.49-1.14

65%
26%
9%
0.15-0.68

0.20-0.90

0.65-0.96

0.492

0.688

0.810

0.755

0.77

-6.6 to 27

-8 to 27

-8 to 27

-14 to 26

-13 to 24

1220

1220

1220

1400

1260

Managed Mixed
Deciduous
Wetland Forest

P
0.33

Managed
Mixed
Deciduous
forest
MDF
0.30

4%
58%
24%
9%
11
0.09
1
24
24
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Hubbard Brook
LTER

Total Organic C
Storage to 50 cm
(g C m-2)

1350

1297

1989

Data collection
Sensors were deployed for terrestrial measurements between the fall of 2012 and the summer of
2013. Each site is either run from line power or a solar power system backed up with reserve
battery power. Each site has either six or eight sensor nodes which each include three soil
sensors installed at five, 15, and 30 cm below the surface that measure soil moisture, soil
temperature, and electrical conductivity. General weather parameters such as wind speed,
barometric pressure, air temperature, snow depth, and precipitation amounts are also collected at
each site. The soil moisture sensors installed at each node consist of two different types of
sensors: (1) a5TM water content and temperature sensor (Decagon Devices., Inc. Pullman, WA)
installed in the organic horizon from the surface to 5 cm and (2) a CS650 water content
reflectometer (Campbell Scientific, Logan, UT) installed in the mineral soil at 15 and 30 cm. The
soil moisture sensors were installed by removing the organic horizon intact in a ~20 cm2 area,
digging a small pit to 40 cm, and inserting the sensors horizontally at 15 and 30 cm within the
mineral soil (Campbell), or by placing the sensors vertically in undisturbed organic soil at the
soil surface to a depth of five cm (Decagon). The soil was then backfilled in the same order it
was removed and capped with the organic horizon square. Both sensor types give similar results,
but have different zones of influence depending on the prong length and probe size. The
Decagon 5TM sensors are 10 cm long, 3.2 cm wide, have a prong length of 5 cm, and a zone of
inﬂuence extending 1 cm beyond the tip of the prong, and 2 cm along the side of the prong. The
Campbell CS650 sensors are 38.5 cm long, 6.3 cm wide, have a prong length of 30 cm, and a
zone of inﬂuence extending 4.5 cm beyond the tip of the prong, and 7.5 cm along the side of the
7

prong. After initial deployment, test measurements on the sensors were collected for 1-2 weeks,
allowing the soil to settle and the sensors to equilibrate to their surroundings. More details on the
installation of the sensors, technical data acquisition, and system design is provided elsewhere
(Mulukutla et al., 2015).
Streamflow was monitored by deploying a water level logger, a sensor that measures the
height of the water column above its sensing area. Stage height data was collected every 15
minutes using a pressure transducer based Hobo Water Level Logger (Onset Inc, MA). Flow
measurements (volume of water flowing at any time) at the sites were made during this period to
develop a rating curve that describes the relationship between stage height and stream discharge
(L/s). An automated flow tracker (ADCP) was deployed in streams when possible to collect
continuous discharge data for construction of the rating curve.

This proved an invaluable asset

when sites were too far away to collect enough discrete flow measurements with a handheld flow
meter for a strong rating curve. A manual flow tracker was used in the same manner during
routine site visits. When the stream was too small to use a manual flow measurement device, a
conservative tracer method was used. By releasing a conservative salt tracer upstream, waiting
for the entire mass of the tracer to flow past a conductivity sensor downstream, and measuring
the distance between the two points the discharge rate can be determined. A Hobo conductivity
sensor was used along with a 50 g slug of salt.
Data collection from various sensor nodes at each site is controlled by a data logger
(CR1000, Campbell Scientific, Inc. Logan, UT) which stores and compiles the data before
transmitting it via cell phone modem (Airlink RAVENXTV, CDMA technology, Sierra
Wireless, Carlsbad, CA) to a server at the University of New Hampshire. Coupled soil moisture
and stream data were collected from April 2013 through January 2015.
8

Data Analysis Methods
Temporal aggregation was performed on the 15-minute flow record to obtain hourly-interval data
allowing its alignment with the hourly record of soil moisture to produce a composite time series
for the two variables. Raw data was run through an automated data quality review and flagging
procedure which flagged errors and gaps in the data using the GCE Data Toolbox (Georgia
Coastal Ecosystems LTER) for MATLAB (Mathworks Inc., Natick, MA). Each time series was
quality controlled by identifying outliers and missing data and replacing them initially with
“NaN” (not a number). The flagged data were then reviewed and finalized to create datasets
ready for analysis. Stream discharge data were converted to catchment runoff using the sensor
catchment area.
Multiple point measurements of soil moisture made within the same catchment were
aggregated by depth to produce area averaged values. Given time series 𝑠𝑧𝑖 (𝑡), measured at point
i, and depth z in the catchment, area averaged soil moisture, 𝑠̅𝑧(𝑡) is given by
𝑛

1
𝑠̅𝑧 (𝑡) = ∑ 𝑠𝑧𝑖 (𝑡)
𝑛

(1)

𝑖=1

Where there are n points of measurement at depth z. Typically eight point measurements
(n=8) were made at each site. I extended this data to produce a single time series of areaaveraged, depth-averaged soil moisture for each site, by averaging 𝑠̅𝑧(𝑡) by depth.

𝑠̅(𝑡) =

∑30
𝑧=5 𝑠̅𝑧 (𝑡) ∗ 𝑧
∑𝑧

(2)

Where z = 5, 15, or 30 cm are the depths where the measurements were made.
Soil Moisture Threshold Identification Method
9

To determine the site-specific soil moisture thresholds, 50 intervals were created as a composite
of the entire time series. Intervals which included NAN values were left out of the analysis.
Linear and power law trend lines were fitted to the data which represented base flow and storm
flow scenarios, respectively.
Time series analysis methods
Although the time series of soil moisture and streamflow seem to track each other, they do not do
so through every time period. I applied a commonly used time series analysis technique called
frequency dependent coherence (C) (Menke & Menke, 2012); Mulukutla et al., in revision) to
examine correlations across time periods. Given two time series q(t) and s(t), frequency
dependent coherence, within a narrow band of frequency with center at ω o and a width of Δω is
given as:

𝐶𝑞𝑠 (ω0 , ∆ω) =

|𝑞̃ ∗ (𝜔0 )𝑠(𝜔0 )|2
2

|𝑞̃ (𝜔0 )| |𝑠(𝜔0 )|

2

(3)

Where 𝑞̃ (𝜔0 ) and 𝑠̃( 𝜔0 ) are the Fourier transforms of q(t) and s(t), at frequency 𝜔0 ,
respectively, and 𝑢̃∗ (𝜔0 ) is the time reversed Fourier transform of q(t), at frequency 𝜔0 . The
coherence profile is constructed by applying Eq. (1) to the entire range of the series. In this
study, I represent coherence by the subscripted variable C q-s ,(0 ≤ 𝐶𝑞−𝑠 ≤ 1) where the subscript
s represents soil moisture and q represents streamflow. Application of coherence requires that the
any time series be continuous (no missing data) and of equal temporal resolution. The
previously discussed temporal aggregation and alignment procedure produced equal interval time
series data albeit containing missing data. Segments of data containing “NaNs” were linearly
interpolated to remove any missing data and make the time series temporally continuous.
10

RESULTS

Seasonal Change
Precipitation and snowmelt events increased soil moisture and catchment runoff to peak values
which declined gradually until the next event; however, the rate of soil moisture decline did not
stay constant throughout the time series and appeared to be regulated by seasonal environmental
change (Figure 2). During the spring and winter months, soil moisture and catchment runoff
increased to their highest values, presumably due to spring rain and snowmelt, which gradually
decreased until the next season. In late summer and autumn there was a seasonal drawdown in
soil moisture and catchment runoff that occurred at all sites.

Figure 2. Time series of area (5 to 8 nodes) and depth (5-30 cm) averaged soil moisture (a) and catchment runoff
(b) at study sites (refer to Table 1 for site abbreviations). Equation is soil moisture (SM) VWC average = (SM_5
cm*5+SM_15cm*15+SM_30cm*30)

11

Soil moisture thresholds for catchment runoff generation
Increasing soil moisture values were associated with an initial linear increase in catchment runoff
which switched to an exponential increase in catchment runoff at varying soil moisture values
across sites (Figure 3). When all values of soil moisture were averaged and compared to median
catchment runoff values, I was able to determine site specific soil moisture thresholds (Figure 4).

Figure 3. Depth averaged soil moisture (5-30 cm) and stream discharge at study sites (refer to Table 1 for site
abbreviations). Equation is soil moisture (SM) VWC average = (SM_5cm*5+SM_15cm*15+SM_30cm*30)/
(5+15+30).
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Figure 4. Threshold identification method

The soil moisture value where the two fits converge are identified in Figure 4 which
includes the r2 value of each trend line. Each of the power law trend lines met or exceeded an r 2
value of 0.95. The linear fits were not as robust with R2 values all ranging between 0.52 and
0.85. The wetland and mixed deciduous forests had alternative storm flow fits which had R2
values of 0.63 and 0.88, respectively.
13

The managed and unmanaged northern hardwood forests (MNH and UNH) had the
highest soil moisture thresholds, both with a value of 0.36. The pasture (P) had a soil moisture
threshold of 0.34, followed by the wetland and mixed deciduous forests with values of 0.25 and
0.20, respectively. Our data suggests that varying drainage areas and position in the catchment
may produce unique stream flow generation patterns (Figure 4.) in which there is varying
drainage potential and varying connectivity to the stream based upon antecedent conditions.
When the calculated soil moisture threshold values are compared to site specific
characteristics such as soil porosity, soil bulk density, catchment area, and catchment slope there
were no observable trends in the data. When the soil moisture thresholds were applied to the time
series data collected over the entire study period, certain patterns began to emerge. Spring and
winter had the majority of events in which the soil moisture threshold was surpassed causing the
soil/stream interface to exist in a storm flow state. The majority of the time series were
characterized by the soil/stream interface being in the base flow state, in which soil moisture
values were below the threshold. The mixed deciduous and northern hardwood managed forests
appeared to have the strongest connection between soils and streams with the soil moisture
threshold being surpassed 42.7 and 25.9 percent of valid sensor measurements, respectively
(Figures 5 and 6). The unmanaged northern hardwood and wetland forests only surpassed the
soil moisture threshold during the largest of storm/melt events within 7.9 and 8.8 percent of valid
sensor measurements, respectively (Figures 7 and 8). The pasture had the weakest connection
between soil moisture and catchment runoff with 4.4 percent of valid sensor measurements
exceeding the soil moisture threshold (Figure 9).
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Figure 5. Time series of soil moisture and catchment runoff at the Mixed Deciduous Forest (MDF). Depth and area
averaged soil moisture collected through the profile at the surface, 15 cm and 30 cm in units of percent volumetric
water content (VWC). Catchment runoff is in mm per day. The horizontal line in the soil moisture pane represents
the site-specific soil moisture threshold that was calculated based on analysis described in the methods section.
Areas in blue represent the data collected. Areas in red represent data collected in which the soil moisture threshold
was surpassed.

Figure 6. Time series of soil moisture and catchment runoff at the Managed Northern Hardwood (MNH). Depth and
area averaged soil moisture collected through the profile at the surface, 15 cm and 30 cm in units of percent
volumetric water content (VWC). Catchment runoff is in mm per day. The horizontal line in the soil moisture pane
represents the site-specific soil moisture threshold that was calculated based on analysis described in the methods
section. Areas in blue represent the data collected. Areas in red represent data collected in which the soil moisture
threshold was surpassed.
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Figure 7. Time series of soil moisture and catchment runoff at the Unmanaged Northern Hardwood (UNH). Depth
and area averaged soil moisture collected through the profile at the surface, 15 cm and 30 cm in units of percent
volumetric water content (VWC). Catchment runoff is in mm per day. The horizontal line in the soil moisture pane
represents the site-specific soil moisture threshold that was calculated based on analysis described in the methods
section. Areas in blue represent the data collected. Areas in red represent data collected in which the soil moisture
threshold was surpassed.

Figure 8. Time series of soil moisture and catchment runoff at the Wetland Forest (WF). Depth and area averaged
soil moisture collected through the profile at the surface, 15 cm and 30 cm in units of percent volumetric water
content (VWC). Catchment runoff is in mm per day. The horizontal line in the soil moisture pane represents the sitespecific soil moisture threshold that was calculated based on analysis described in the methods section. Areas in
blue represent the data collected. Areas in red represent data collected in which the soil moisture threshold was
surpassed.

16

Figure 9. Time series of soil moisture and catchment runoff at the Pasture (P). Depth and area averaged soil
moisture collected through the profile at the surface, 15 cm and 30 cm in units of percent volumetric water content
(VWC). Catchment runoff is in mm per day. The horizontal line in the soil moisture pane represents the site -specific
soil moisture threshold that was calculated based on analysis described in the methods section. Areas in blue
represent the data collected. Areas in red represent data collected in which the soil moisture threshold was
surpassed.

Coherence of streamflow to soil moisture
Coherence values varied throughout the timescales but generally had lower values around a
timescale of one day and higher coherence values at a timescale of one year (Figure 10). There
was an observed period of increased coherence in the timescales approximately spanning 10-100
days, a timescale when storm events and snowmelt play a critical role in the variability of
streamflow and soil moisture, which suggested the influence of hydrologic connectivity. For this
timescale, the managed northern hardwood (MNH) had the highest coherence, the unmanaged
northern hardwood, managed mixed deciduous, and managed mixed deciduous wetland forests
(UNH, MDF, WF) had similar median values, and the managed pasture (P) had the lowest
coherence with coherence values of 0.77, 0.73, 0.67, 0.67, and 0.57, respectively.
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Figure 10: Coherence of streamflow to area and depth averaged soil moisture (5 -30 cm) at study sites (refer to
Table 1 for site abbreviations).
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DISCUSSION
I examined the relationship between soil moisture and streamflow using in situ sensors at five
headwater catchments with different land use characteristics. I found that soil moisture and
streamflow appear to be coupled once a site-specific soil moisture threshold is surpassed.
Seasonal change regulated coupling, which varied across timescales. Few studies have collected
soil moisture data at high spatial and temporal resolutions over several years from locations that
have been strategically placed to examine the connection between soil moisture and surface
runoff.
Soil moisture variability is controlled by seasonal change which is highlighted in our data
during winter/spring snowmelt, rain events, and summer lows. Evapotranspiration dried soils
during the growing season reducing water levels until the next wetting event (Figures 5 through
8). During this drawdown in soil moisture, any inputs act to directly refill the soil moisture
reservoir which becomes depleted during the growing season. Seasonal change influenced the
coupling of soil moisture and catchment runoff, which appeared to be strongly coupled during
periods of soil saturation, and less coupled when soils were dry.
The managed and unmanaged northern hardwood forests (MNH and UNH) had the
highest soil moisture thresholds, both with a value of 0.36, likely due to increased soil moisture
holding capacity. In comparison with the other sites, the northern hardwood forests could have
greater amounts of soil organic matter, increasing moisture holding capacity. While they had
similar values of soil porosity, the watershed area and slope index were very different, and UNH
is a first order stream while MNH is a third order stream.
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The pasture (P) had the next highest soil moisture threshold (0.34), which could have
been elevated compared to forest soils nearby, due to decreased soil porosity, increased bulk
density, and a large amount of soil organic matter accumulated from over a century of intensive
rotational cattle grazing.
The wetland and mixed deciduous forests had the lowest thresholds (0.25 and 0.20), due
to low bulk densities and decreased soil organic matter when compared with the other sites
(Tables 1 and 2). When the calculated soil moisture thresholds were compared to site specific
characteristics in two way interactions there were no observable trends in the data, most likely
because they are interacting in complex multi-variate interactions.
This is the most extensive study in which in situ soil moisture and stream flow data were
collected simultaneously at five sites. It helps to describe soil moisture threshold behavior using
a novel dataset, confirming previous studies and showing a clear threshold response of soil
moisture and catchment runoff. A soil moisture threshold response ranging from 0.2 to 0.36
VWC for all the land use types was observed. The thresholds I found were lower than the
threshold observed in a headwater catchment in Italy (0.45 VWC) (Penna et al. 2011) where a
hysteresis loop between soil moisture and streamflow was identified, which switched directions
in a predictable way based on antecedent soil moisture (Penna et al. 2011). During dry conditions
stream flow peaked before soil moisture, during wet conditions soil moisture peaked before
stream flow. The alternative storm flow patterns that were seen in the wetland and mixed
deciduous forest data could have been hysteresis loops like the ones described in Penna et al.
caused by varying wetness conditions.
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Our data shows that there are multiple threshold generation patterns (Table 2) and
confirms the conclusions of other studies (Mulholland, 1993; Grayson et al., 1997; Camporese et
al. 2014; Nippgen et al. 2015; Penna et al. 2015) which have found that there is a specific VWC
required to transition from vertical flow dominated soil moisture patterns to lateral flow
dominated patterns which differs by site and soil characteristics (Grayson et al., 1997). I have
examined the high temporal frequency data using coherence analysis, which is a novel
contribution which can help to show differences in threshold generation behavior in large in situ
sensor datasets.
Table 2. Site specific soil moisture threshold and catchment data.
Site Code
Threshold (VWC)
Coherence at
10-100 days
Sensor Catchment
Area (km 2)
Bulk density (0-30
cm) (g/cm 3)
Depth averaged
porosity (0-30 cm)
% Developed
% Agriculture
% Forest
% Wetlands
Slope Index
Stream order
Site Elevation (m)
Watershed Min
Elevation (m)
Watershed Max
Elevation (m)
Slope (m/km)

P
0.34
0.57

MDF
0.20
0.67

WF
0.25
0.67

UNH
0.36
0.73

MNH
0.36
0.77

0.33

0.30

7.03

0.40

13.74

2.04-1.21

0.49-1.14

0.15-0.68

0.20-0.90

0.65-0.96

0.492

0.688

0.810

0.755

0.77

4%
58%
24%
9%
0.09
1
24
24

0%
0%
98%
0%
0.67
1
205
206

1%
5%
72%
12%
0.07
2
100
100

0%
0%
99%
0%
0.87
1
522
522

0%
0%
98%
0%
0.13
3
261
262

51

339

303

717

980

88

667

68

868

132

When saturation occurs during storm events these areas can become connected engaging
hydrologic connectivity throughout the catchment (Grayson et al. 1997, Stieglitz et al., 2003).
The data from each site are normalized as catchment runoff which is calculated using the entire
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area of the catchment as to provide an easy comparison. However, the entire catchment is not
active in contributing to stream discharge in all but the most extreme precipitation (Nippgen et
al. 2015) and may not be the best way to compare data among sites.
When a model utilizing water table presence was used to determine how topography and
evapotranspiration affected watershed storage and streamflow during snowmelt, they determined
that there is a threshold level of soil moisture needed for saturated throughflow and connectivity
across the landscape (Nippgen et al. 2015). During snowmelt and spring runoff, source areas
begin close to stream and progresses up hillslope, producing different source areas contributing
to streamflow during the rising and falling limbs of the hydrograph (Nippgen et al. 2015). The
max and min area connected to the stream ranged from 71 to < 1% and the total active area is
always less during melt periods when the landscape is not well hydrologically connected. Over a
three-year period, 90% of landscape was connected to stream. Because the total active area in
stream flow generation is always less during melt periods, these times may help to describe our
alternate storm flow fits in the wetland and mixed deciduous forests (Figure 4).
I used median catchment runoff values for the fits because average catchment runoff
values tended to skew the data towards extremely high flows which occurred relatively
infrequently. Each of the power law fits met or exceeded an R2 value of 0.95, which suggests a
strong connection between soil moisture and streamflow above the threshold. The linear fits were
not as robust with R2 values ranging between 0.52 and 0.85, which could be due to complex
groundwater interactions not addressed in this work. The wetland and mixed deciduous forests
had alternative storm flow fits which had r2 values of 0.63 and 0.88, respectively, and could be
an indication of hysteresis loops (Penna et al. 2011).
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I provide evidence of at least two soil moisture/streamflow generation patterns that were
defined by their unique soil moisture threshold, allowing a better understanding of the timing and
magnitude of soil and stream connectivity and catchment hydrologic response. This is significant
because it allows us to better understand the interactions between storm events and snowmelt
with soils and surface waters, having implications for nutrient cycling, carbon storage, and
eutrophication downstream. Our data provide further evidence of a base flow state (linear fit)
where groundwater dominates streamflow through vertical fluxes of moisture, and a storm flow
state (power law fit) in which surface and subsurface flow through soil dominated streamflow
through lateral fluxes of soil moisture (Grayson et al., 1997; Mulholland, 1993).
The spread of soil moisture values seen during the power law fit (Figure 4) may be due
the separation of the rising and falling limbs of the hydrograph (Penna et al. 2011), and could
explain the alternate storm flow fits seen in the data collected from the managed mixed
deciduous and wetland forests. Total stormflow has been shown to be a product of antecedent
soil moisture conditions and precipitation, and that soil depth and hillslope topography
determined the threshold runoff response (Camporese et al. 2014, Penna et al. 2015). However,
other factors impacting water transport through the soil profile are likely contributing to the sitespecific soil moisture thresholds that I observed.
Up to five soil moisture/streamflow seasonal behaviors characterized by the interaction of
catchment runoff and soil moisture have been observed in a small, semi-arid, snowmelt driven
catchment with shallow soils, characterized by a summer dry period, a transitional fall wetting
period, a winter wet and low flux period, a spring wet and high flux period, and a transitional
late-spring drying period (McNamara et al. 2005). These soil moisture/streamflow generation
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patterns could be due to spatial heterogeneity and temporal variability. To further examine
coupling relationships, I analyzed varying timescales.
Coherence response varied by site due to individual site characteristics including
catchment topography, vegetation cover, soil moisture holding capacity, and environmental
conditions which could indicate how these parameters effect runoff mobilization. Coherence was
generally lower at shorter time scales and increased with longer timescales because the factors
influencing daily environmental cycles like evaporation and evapotranspiration influenced the
coherence the least as compared with seasonal and storm cycles. There was an observed period
of increased coherence in the storm timescale (10-100 days) at all sites which could have been
due to activated hydrologic connectivity between soil moisture and streamflow during seasonal
snowmelt.
The managed northern hardwood (MNH) had the highest coherence which is counter
intuitive to what I predicted. It was the only third order stream in the study (Table 2) and it had
the largest catchment watershed. I predicted that increased variability due to watershed size
would decrease coherence compared to the smaller sites, however, the opposite was true. The
unmanaged northern hardwood, managed mixed deciduous, and managed mixed deciduous
wetland forests (UNH, MDF, WF) had similar median coherence values. The managed pasture
(P) had the lowest flow and the lowest coherence signifying a weak connection between soils
and streams. This catchment has been shown to have distinctive hydrogeology resulting in
topography playing a major role in groundwater recharge, with groundwater dominating input to
the stream (Campbell, 2010).
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While varying soil moisture values at different depths in the soil profile have not been
specifically addressed in our analyses, I collected data through the profile at three depths which
had varying connectively to the steam. It appeared that soil moisture at 30 cm in the soil profi le
was most associated with catchment runoff, and soil moisture at five cm was least associated
with catchment runoff, suggesting that groundwater is playing a major role in connectivity
(Figures 11 and 12). When soil moisture was collected at 35 cm it has been shown to improve
next day streamflow estimation, when compared with estimations which only account for rainfall
and antecedent streamflow; while soil moisture in the upper five cm can decrease predictions
(Anctil et al. 2008).
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Figure 11. Time series of soil moisture and stream discharge at each site. Soil moisture is measured through the
profile at the surface, 15 cm and 30 cm in units of percent volumetric water content. Stream di scharge is in liters per
second.
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Figure 12. Coherence of stream flow to soil moisture at all sites. Soil moisture is measured through the profile at the
surface, 15 cm and 30 cm.

When groundwater levels in the upper hillslope, lower hillslope, and riparian zone were
compared to stream discharge, it was determined that both surface and bedrock topography
influenced water table flow (Van Meeerveld et al., 2015). They determined that in the upper
hillslope during the beginning of events (rising limb of hydrograph) and end of events (falling
limb of hydrograph) when water levels were lower, that the water table flowed in the direction of
local bedrock topography. When water levels were high during the peak of the hydrograph, the
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water table flowed with surface topography. This agrees with Grayson et al. and Stieglitz et al.,
adding supporting evidence for a dry hydrologically unconnected state, and a wet hydrologically
connected state. They also determined that flow direction never changed in the riparian zones
and followed surface topography.
Varied connectivity between soils and streams has broader implications for catchment
scale nutrient cycling and stream chemistry. When soils are saturated and the hillslope is
hydrologically connected to the stream, solutes can be transported into streams rising nutrient
levels independently from riparian zone contributions, which can dominate during low flow
conditions, and during the rising and falling limb of the hydrograph (Grayson et al. 1997,
Stieglitz et al., Van Meeerveld et al., 2015).
With a fast rate of climate change in the Northeast we are continuing to see warmer
winters and increased periods of freeze/thaw (Hayhoe et al. 2008) which could lead to increased
periods of connectivity between the soils and streams. This could lead to enhanced dissolved
organic matter flushing from soils, leading to increased eutrophication downstream.
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CONCLUSION
Soil moisture and streamflow appeared to be coupled in all land use types and were regulated by
precipitation and snow melt, antecedent moisture conditions, seasonal change, and site specific
characteristics. Each site had a unique coupling relationship and soil moisture threshold to reach
saturation and induce coupling, however, there were commonalties among the sites. Seasonal
change, timescale, and site specific characteristics all played a role in streamflow coupling.
These results, in the context of other research, help to build on the knowledge base of how soil
moisture and streamflow interact, and how terrestrial and aquatic ecosystems can become
hydrologically connected. If we can better understand when and why hydrologic connectivity
occurs, then we can better interpret patterns in nutrient flux from soils helping to provide insight
into the complex nature of stream chemistry.
To expand on this analysis, I could have included precipitation, temperature, and
electrical conductivity data from both soils and streams which has already been collected from
the sites (temperature and electrical conductivity) or compiled from outside sources
(precipitation). This would help to tell the story of hydrologic connectivity and begin to examine
how connectivity might influence solute transport. It would also have been helpful to compare
the soil moisture and streamflow data to precipitation and temperature data to determine the
source of wetting events in the winter. Soil porosity data collected from each site would have
been very beneficial to better compare the soil saturation points. In future work, I could integrate
hysteresis analysis to determine how soils and streams are coupled during the rising and falling
limb of the hydrograph. In regards to the physical locations of soil senor deployment, it would
have been better to deploy the sensors in different parts of the catchment with some on the
upland, some in the middle, and some in the riparian zone as were done in Grayson et al. 1997.,
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and Stieglitz et al., 2003. My research contributes to the knowledge base by providing a
simultaneous dataset and coherence analysis of soil moisture and stream discharge collected
from adjacent soil and steam in situ sensor systems deployed in five headwater systems wi thin
different land use types. I have identified at least two streamflow generation patterns that are
consistent across each of the sites and my findings provide evidence to support ideas presented in
previous literature. The sensor network is an invaluable tool with a high temporal resolution that
can be used to improve our understanding of soil and stream connectivity dynamics and is a
novel contribution to the literature. Coherence analysis is a powerful data analysis method
uniquely equipped to use high resolution time series data to help interpret how one dataset tracks
another dataset. If it is applied to the data collected from the sensor network since conception
through the data being collected even today, more patterns in connectivity may emerge.
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APPENDIX A: Supplemental Site Descriptions
Burley-DeMerrit Organic Dairy Farm is a University of New Hampshire owned and operated
farm located in Lee, New Hampshire. It consists of 82 hectares, predominantly of pasture, and
like many other farms in the area is devoted primarily to dairy and hay production, and has been
in operation for over 300 years (Contosta, personal communication). There are 80 Jersey milking
cows which graze for 120 days per year, and rotate through a series of paddocks occupying an
average of 0.40 ha for a 24 hour period (Contosta, personal communication). It has an elevation
of 31 m above sea level with topography of sloping hills. Farm and diary operations are located
at the highest point in the watershed and its pastures are gradually sloping down towards BurleyDeMerrit Creek (BDC), a first order stream (watershed area =0.302 km2), with an average slope
of 0.76 %, that is part of the larger Lamprey river watershed. The creek’s watershed comprises of
forest (30%), agriculture (61%), and wetland (Dunlap, 2004). It is buffered from the grazing
fields by riparian vegetation by 50 m on the upstream side and 1000 m downstream. Riparian
vegetation is dominated by eastern hemlock (Tsuga canadensis), eastern white pine (Pinus
strobus), red maple (Acer rubrum), and northern red oak (Quercus rubra) (Dunlap 2004). The
mean air temperatures range from -6.6 C to 21, and average annual precipitation is 955 mm
(NRCC 2009).
The soils in the pasture land are marine terraces with textures that range from loamy
sands to silt loams deriving from a parent material of glacial till and outwash from glacial, river
and marine origin (Contosta, personal communication; Eisenhaure 2010). The soil texture is
predominantly sandy loam (59% sand, 30% silt, and 11% clay). Centuries of farm operation and
animal presence have resulted in highly compacted soils with recorded bulk densities through the
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0-30 cm profile ranging from 1.21 gm/cm3 to 1.95 gm/cm3. The depth averaged porosity is 0.53
(0-30 cm).
Saddleback Mountain is located in Deerfield, New Hampshire and is part of the Northwood
Area Land Management Collaborative which holds 112 hectares of un-fragmented forest,
advocated for by Bear Paw Regional Greenways. From 1966 until today, it has been harvested
six times in various areas throughout its boundaries (Eisenhaure, 2010). The smaller area
comprising the sensor watershed has been harvested twice; once in 1966, and again in 1996
(Eisenhaure, 2010). The specific area where the sensors are deployed has been a mixed forest for
the past 80 years, since it was clear cut as a pasture. The property is within the Lamprey River
Watershed, owned by the University of New Hampshire, and is currently being used for timber
harvesting, educational, and research opportunities.
The parent material is glacial till with the underlying bedrock being made up of
metapelite metawacle, and subordinate meta volcanic rocks of the Littleton Formation; and
purple biotite-quartz-feldspar granofels (Perron et al, 2004). The soil is very rocky and well
drained, with bedrock close to the surface, even within 50 cm. The soil series is a ChatfieldHollis-Canton Complex, having a texture of fine sandy loam with 74% sand, 18% silt, and 8%
clay. The bulk density through the soil profile is 0.49 to 1.14, with a depth averaged porosity of
0.64. Total Organic C storage in the soil to 50 cm is 1297 g C per m2.
The watershed area upstream of the catchment is 0.305 km2, being comprised of 96%
forest and 4% wetland. It sits 225 m above sea level. The terrain is rugged with some steep
slopes, rocks, and shallow bedrock. However the topography at the sensor site ranges from
moderately sloping at an 8-15% grade to relatively flat (Perron et al, 2004). The sensor site is
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dominated by White Pine (pinus strobus) and Red Oak (quercus rubra) with smaller populations
of White Ash (fraxinus americana ), Red Maple (acer rubra), and other hardwood species. The
average precipitation recorded in 2013 was 1006 mm
Dowst-Cate Town Forest is a 204 acre mixed forest located in Deerfield, NH and is part of a
collection of properties forming the Great Brook Conservation Lands. It is comprised of 1214
hectares of un-fragmented forest protected by various easements. The forest is home to Back
Creek, a second order stream within the Lamprey River Watershed that is part of a large wetland
complex in the area that is important for wildlife due to its large quantity of pristine riparian
habitat. The sensor site sits atop a historic location of an old mill dam and stone bridge where
Nottingham road use to cross the Back Creek; now 200 and 400 feet from the current road,
respectively. The property was last harvested in 1990, and is currently being harvested today
with various areas being prescribed either a 15 or 30 years harvest cycle (Moreno, 2013). The
site sits at 107 m above sea level at the northern most extent of the Appalachian oak-pine zone
receiving approximately 1006 mm of precipitation a year.
The forest consists of approximately 10% wetland with at least 16 vernal pools ranging
from 600 to 43,560 square feet, spread throughout the area (Moreno, 2013). The topography
consists of rolling hills with dispersed level areas; steep rocky ridges are in the northeast section
of the forest with 15-35 % grade (Moreno, 2013). The terrain consists of extremely rocky
forested uplands, giving way to gently sloping hills down to the riparian zone of either Back
Creek or the various wetland complexes.
The parent material is glacial till underlain by shallow metamorphic bedrock. The soil
series is Chatfield-Hollis-Canton which is a well-drained sandy loam with 65% sand, 26% silt,
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and 9% clay. The bulk density of the soil ranges from 0.41 to 0.68. There is 1989 g C per m2.
The site is dominated by White Pine (pinus strobus) and Red Oak (quercus rubra), Red Maple
(acer rubra) Pinus strobus (White Pine), Quercus rubra (Red Oak), and Acer rubra (Red Maple),
with mixed American Beech (fagus grandifolia). There is a large wetland system just upstream
of the sensor site within Pawtuckaway State Park. The soil sensors are distributed on both sides
of Back Creek, three on each side, being installed on relatively flat areas contained on sloping
hills. The aquatic sensor deployment is just upstream of the sensors by about 10 m.
Hubbard Brook Long Term Experimental Research (LTER) forest is located in North
Woodstock and is within the southwestern region of the White Mountain National Forest. It has a
long history of research and was home to some of the first watershed scale manipulations over 50
years ago. It is part of the LTER network created by the National Science Foundation to study
environmental change. The sensor site is located in reference Watershed 3 which has been used
by the LTER and many researchers as a key site for hillslope hydrology investigations as well as
a pristine site to compare other sites that have undergone environmental manipulation
experiments. The watershed is 42.4 ha ranging in elevation from 527-732 m, with an average
slope of 12.1 degrees. The entire watershed is a hardwood forest, with a small stream which
drains the landscape.
The topography consists of mountainous terrain with mineral soil going down anywhere
from 50 cm to 2 meters before hitting bedrock. The parent material is glacial till and the
underlying bedrock consists of a “sillimanite-grade pelitic schist and calc-silicate granulite from
the Silurian Rangeley Formation” (Bailey et al. 2014). The soil series is Berkshire, Skerry,
Becket, Lyman, and Tunbridge. Soil type is a Haplorthods, having a sandy loam texture with
approximately 60% soil organic carbon in the mineral soil. This northern forest is dominated by
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Acer saccharum (sugar maple), Betula alleghaniensis (yellow birch), and Fagus grandifolia
(American beach) (Bailey et al. 2014). The average annual precipitation is 140cm with 90 cm of
runoff (Bailey et al. 2003)
The soil sensor site is located directly adjacent to Weir 3 gaging station at the outlet of
the watershed which is also the location of the aquatic sensor network site.
Bartlett Experimental Research Forest is located in Bartlett within the eastern part of the
White Mountain National Forest. The experimental forest was established in 1931 and since then
has been an active research site helping to answer research questions about ecological structure,
function and processes in hardwood forests in New England. It is the location of a new long term
environmental monitoring site which is part of the National Ecological Observatory Network
(NEON) that will make similar terrestrial measurements over the next few decades. This
northern hardwood forest is approximately 1052 hectares, ranging between 210 to 915 m above
sea level.
The bedrock consists of feldspar-rich granite from the White Mountain Magma Series
(Zummo & Friedland 2010). The parent materials are granite bedrock and granitic glacial till
made from granite and gneiss. Depth to bedrock can be quite shallow, with large rocks and ledge
outcroppings fairly common. The soil type is Haplorthods with a suborder of Spodosol of the
Berkshire, Hermon or Becket series (Zummo & Friedland 2010). The soil is relatively well
drained with a texture of sandy loam.
The location of the soil sensor deployment is in Compartment 9, with an elevation
ranging between 200-300 m. The site was likely cut in the late 1800’s (Leak & Smith 1996) and
contains stands of northern hardwood old growth with the dominant species being beech, yellow
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birch, sugar maple, and eastern hemlock (USDA Forest Service 2015). The stream sensor
deployment is located in Albany Brook, installed directly to a Forest Service Road bridge to
protect it from the high volume of water that flushes during storm and melting events. The
aquatic deployment is approximately 220 meters from the soil sensor deployment.
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